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Abstract
A single shock wave generated by a shock tube is able to effectively deliver macromolecules such as fluorescein
isothiocyanate^dextran into the cytoplasm of living cells without causing cytotoxicity. We report on the effect of varying the
molecular weight of the dextran and the number of shock waves on the efficiency of delivery into a cancer cell line. The
fraction of cells permeabilized and the total fluorescence delivered were measured by flow cytometry, and the cellular
viability by a tetrazolium assay on adherent cells and these values were compared to cell permeabilization using digitonin.
Shock waves can deliver molecules of up to 2 000 000 molecular weight into the cytoplasm of cells without toxicity and may
have applications in gene therapy. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The increasing potential and applications of gene
therapy have led to the search for improved methods
of delivering macromolecules such as plasmids and
oligonucleotides into cells [1]. Due to the possibility
of hydrolysis and degradation occurring in lysosomal
and endosomal compartments, it is desirable that
molecular delivery should occur directly into the cy-
toplasm, rather than by endocytosis [2] that generally
leads to delivery into endosomes. Plasma membranes
consist of lipid bilayers that are highly impermeable
to DNA and other negatively charged macromole-
cules, leading to the search for methods of tempora-
rily increasing membrane permeability without con-
sequent cytotoxicity [3]. A range of methods to
accomplish this goal has been reported including mi-
croinjection [4], biolistics (high-velocity particles or
gene gun) [5], electroporation [6], ultrasound [7],
and chemical methods [8]. Temporary permeabiliza-
tion of plasma membranes may also be accomplished
with shock waves [9] that can be generated by a
range of methods including the shock wave lithotrip-
ter [10] short-pulsed laser ablation of a target [11] or
by a shock tube [12].
The displacement of liquid induced behind shock
wave may have an e¡ect on biological material in-
cluding cells [13]. This movement of liquid may be
related to the change in membrane permeability but
the detailed mechanism is still unclear. Recently, we
reported that the impulse (de¢ned as the integral of
pressure with duration) of the shock wave might be
an important factor governing the temporary perme-
ability increase necessary for delivering macromole-
cules into cells [12]. This result suggests that shear
forces at the plasma membrane, resulted from the
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relative motion between cells and the surrounding
liquid, are involved in permeabilization.
In this report, we investigated the intracellular de-
livery of £uorescein isothiocyanate^dextran (FITC-
D) with di¡erent molecular weights by shock tube-
generated shock waves. The e¡ects of varying the
concentration of FITC-D and the number of shock
waves delivered on the uptake into cells were exam-
ined. Shock wave permeabilization was compared to
the use of digitonin to permeabilize cells.
2. Materials and methods
2.1. Materials
Three species of FITC-D with mean molecular
weights 4400 (27 glucose units), 71 600 (154 glucose
units), and 2 000 000 (12 345 glucose units) (Sigma,
St. Louis, MO, USA) were used for evaluation of
the uptake of molecules by the cells. The FITC con-
tent per mole of glucose was 0.004, 0.008 and 0.014
mol/mol, respectively.
Digitonin (Sigma) was dissolved in dimethyl sulf-
oxide (40 mg/ml) and used at concentrations of 10^
40 Wg/ml in complete media. All cell samples were
washed with phosphate-bu¡ered saline (PBS) with-
out Mg2 and Ca2 (5 ml, 3U) to remove excess
extracellular digitonin and FITC-D by centrifugation
(5 min at 233Ug).
2.2. Cell culture
NIH:OVCAR-5 (OVCAR-5) cells were purchased
from Dr. T. Hamilton (Fox Chase Cancer Institute,
Philadelphia, PA, USA) and were grown in RPMI-
1640 medium with 10% fetal bovine serum, 1% pen-
icillin^streptomycin in 250 ml culture £asks in a in-
cubator at 37‡C under an atmosphere of 5% CO2.
Total cell counts and the initial cell viability were
measured in a hemocytometer with the trypan blue
dye exclusion method before the shock wave experi-
ments. For all experiments, cells were grown to 90%
con£uence, with v99% viability, and were harvested
by use of trypsin^EDTA. The £at-top snap-cap mi-
crocentrifuge tubes (0.5 ml tubes) were ¢lled with
2.0U106 cells in complete medium containing the
FITC-D. A cell pellet was gently formed by centri-
fugation (5 min at 233Ug). The tubes were covered
with a triple layer of Para¢lm (American National
Can, Chicago, IL, USA). Since endocytosis is a tem-
perature-dependent process [14], the test tubes were
kept in an ice bath at 0.5‡C except during a brief
period of time during the application of shock waves
in order to reduce the potential of uptake of the
£uorophore due to endocytosis.
After the experiment, the cells were resuspended
and washed with PBS without Mg2 and Ca2 three
times and divided into two parts. One part was used
for FACS analysis and one part was plated in 24-well
tissue culture plates in complete medium and incu-
bated for 24 h. Cell viability was determined by
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide) assay as previously described [15]
and survival fractions were expressed relative to cells
treated with neither FITC-D nor shock waves but
pelleted, resuspended and washed.
2.3. Shock waves
Shock waves were generated with a double dia-
phragm shock tube that was obtained from Pharma
Wave (Boston, MA, USA) and is described in detail
elsewhere [12] and in Fig. 1A depicting a schematic
representation of the experimental setup. The shock
wave was delivered into the tube completely ¢lled
with media and containing the cell pellet through
the covering of Para¢lm. The obtained pressure at
the bottom of the microcentrifuge tube was
11.6 þ 1.6 MPa (n = 3) and the pulse duration (posi-
tive pressure) was 32.1 þ 7.1 Ws (n = 3) (values þ stan-
dard deviation) as measured with a polyvinylidene
£uoride needle hydrophone (model 80-0.5-4.0, Imo-
tec Messtechnik, Warendorh, Germany) containing a
0.5 mm diameter sensitive element, and a digital os-
cilloscope (9360, 600 MHz, 1 M6[15 pF], LeCroy
Co., New York, NY, USA). Fig. 1B indicates the
position of the needle hydrophone that penetrated
the bottom of the centrifuge tube, which was im-
mersed in a tank of water for pressure determination.
2.4. Quantitation of uptake of £uorescence
The cellular uptake of £uorescence was measured
by £ow cytometry (FACS Calibur, Becton Dickin-
son, San Jose, CA, USA). A total of 10 000 events
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per sample was collected in list mode, and data were
analyzed with Cell Quest software (Becton Dickin-
son). Fluorescence data were collected by using 488
nm excitation from a 15 mW air-cooled argon-ion
laser. The emission was collected through a
530 þ 30 nm band-pass ¢lter (FL1-H). In addition,
forward light scatter (FSC-H) and side light scatter
(SSC-H) data were collected for each sample. The
photomultiplier detector voltage was set at 440 V
for 4.4 and 71.6 kDa. For 2 MDa FITC-D, the volt-
age was set at 220 V in order to keep all the £uores-
cent cells on scale. A calibration curve was con-
structed showing the variation of the
photomultiplier voltage and geometric mean for
FITC-D shock wave-mediated cells loaded with
both 4.4 and 71.6 kDa. This allowed the geometric
mean (comparable at 440 V) of the £uorescence of
the 2 MDa FITC-D-loaded cells to be calculated
from the values measured at 220 V. Quadrants
were de¢ned with cells alone (no FITC-D or shock
waves) so that v97% of events were in lower right,
W1% in upper right and W2% in lower left quad-
rant. When cells were treated with FITC-D or FITC-
D plus shock wave(s), the number of events in the
upper right quadrant (giving the percentage of cells
permeabilized), and the corresponding geometric
mean of the channel number were determined by
the software. The mean £uorescence uptake was de-
¢ned as the number of events in the upper right
quadrant (out of 10 000) multiplied by the geometric
mean of the channel number.
The numbers of equivalent £uorescein molecules
per cell were determined from a calibration curve
constructed using rainbow calibration particles
(RCP-30-5, Spherotech, Libertyville, IL, USA). The
numbers of FITC-D molecules delivered per cell
were then calculated from the above numbers and
the £uorescein substitution ratios per mole of glucose
and the mean chain length of the dextran.
2.5. Confocal £uorescence microscopy
A confocal microscope (model DMRBE, Leica
Microsystems, GmbH, Heidelberg, Germany)
equipped with an 18 mW argon laser (model 2211-
65ML, Uniphase, San Jose, CA, USA) and a 40U
oil immersion objective lens (PL AP0, Leica Micro-
systems) with a numerical aperture of 1.25 were em-
ployed. FITC-D £uorescence was excited with the
488 nm line of the argon laser and collected with a
525^550 nm bandpass ¢lter and phase contrast im-
ages were also collected. The microscope was oper-
ated with the software TCS NT version 1.6.551 (Le-
ica Lasertechnik, Heidelberg). In the case of the
2 MDa FITC-D and shock wave, the height of the
cell was determined to be 8 Wm and eight confocal
sections were captured at 1 Wm intervals in the Z-axis
using the motorized microscope stage. Three of these
sections separated by 2 Wm were chosen for Fig. 4.
2.6. Statistical analysis
All measurements are given as mean þ standard
error of the mean (S.E.M.) of 3^10 separate experi-
ments each containing 2^4 replicate samples. Di¡er-
ences between all samples were assessed by one-way
factorial ANOVA. A value of P6 0.05 was consid-
ered to be statistically signi¢cant.
3. Results and discussion
3.1. Cell permeabilization without toxicity
In our previous publication [12] we demonstrated
that a single shock wave from the shock tube was
able to permeabilize a suspension grown cell line,
Fig. 1. (A) Schematic diagram of experimental setup for shock
tube-induced permeabilization of cells. (B) Shows the placement
of the needle hydrophone for measurement of pressure.
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and allowed cytoplasmic delivery of FITC-D with a
molecular weight of 71 600 Da and a concentration
of 200 WM into approximately half the cells. We
showed that the e⁄ciency of cellular permeabiliza-
tion without toxicity depended on the impulse (the
integral of shock wave over time). The parameters of
peak acoustic pressure and pulse duration provided
by the shock tube can range from 3 to 11.6 MPa and
23^32 Ws respectively. It was hypothesized that these
shock waves could cause shear force generated by
movement of the liquid relative to the cells, to tem-
porarily a¡ect the permeability of the plasma mem-
brane. Viability after the shock wave was unaltered
as determined by trypan blue exclusion, cellular up-
take was assessed by bulk £uorometric assay of the
cell suspension, and confocal microscopy was used to
measure the percent of cells permeabilized. Here we
report on the e¡ect of varying the number of shock
waves and the concentration and molecular weight of
the FITC-D on the cellular uptake.
We used an adherent cell line allowing viability to
be measured by MTT assay, and employed FACS
analysis to determine both total £uorescence uptake
and percent of cells permeabilized. Fig. 2 shows a
typical set of four FACS plots (cells alone, cells+
shock wave, cells+FITC-D, and cells+shock wave+
FITC-D) obtained in an experiment involving a sin-
gle shock wave delivered in the presence of 140 WM
FITC-D of 71.6 kDa molecular weight. The events
shown in the lower left quadrant represent 6 6% of
total events and are probably composed of cellular
debris originating from even fewer cells. We used the
MTT assay to measure the viability of cells exposed
to shock waves in the presence of FITC-D, com-
pared to that of cells treated in a similar manner
(i.e. detached, pelleted and replated) but without
shock waves or FITC-D. The highest toxicity was
observed with three shock waves but this was still
6 5% loss of viability. Most experiments (including
those with FITC-D alone, and FITC-D+shock
waves) gave survival fractions of v0.97. The MTT
assay, which measures mitochondrial dehydrogenase
activity, is widely used as a sensitive measure of cel-
lular viability and has been shown to correlate
closely with colony forming ability [16]. Several stud-
ies have investigated the relationship between electro-
poration parameters, permeabilization e⁄ciency and
cellular viability [17^19]. All studies show an inverse
relationship between the degree of permeabilization
and viability (that may be as low as 20%), with the
¢nal choice of parameters necessarily being a com-
promise between achieving su⁄cient delivery and
causing excessive toxicity. Similar signi¢cant losses
of viability were found with ultrasound [20] and lith-
otripter-generated shock wave [10] -mediated cell
permeabilization.
3.2. E¡ect of varying FITC-D concentration
Fig. 3 shows the relationship between the uptake
parameters (percent of cells permeabilized and mean
£uorescence uptake) and the concentration of FITC-
D (71.6 kDa) after a single shock wave. The percent
of cells permeabilized and the £uorescence uptake
increase with the same slope, showing that the chief
e¡ect of increasing the concentration is to allow
more cells to take up £uorophore, rather than in-
creasing the amount taken up by a constant fraction
of permeabilized cells. When shock waves propagate
Fig. 2. Typical set of FACS plots. (A) Shows cells treated by
pelleting but given neither FITC-D or shock wave and was
used to de¢ne quadrants. (B) Shows cells pelleted and given
one shock wave only. (C) Is after cells were pelleted in the pres-
ence of FITC-D with 71.6 kDa molecular weight at a concen-
tration of 140 WM but given no shock wave. (D) Is after FITC-
D with 71.6 kDa molecular weight at a concentration of 140
WM was delivered by one shock wave.
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in centrifuge tubes, focusing and re£ection at the wall
takes place. The resulting spatial inhomogeneity of
the pressure distribution results in varying degrees of
permeabilization within the cell pellet. Cells may
have di¡erent number of ‘membrane pores’ in di¡er-
ent locations, and therefore the number of molecules
passing through these pores and allowing the cells to
be classi¢ed as permeabilized will depend on the con-
centration of FITC-D. Evidently, there is also oper-
ating a mechanism by which those cells at the region
with high permeabilization become saturated with
FITC-D as the concentration increases. Although
there is an increase in uptake by the non-shock
wave-treated cells at 200 WM concentration, the
mean uptake is still only a quarter of that in the
shock wave-treated cells. This uptake is probably
due to a higher amount being taken up by £uid
phase endocytosis as the extracellular concentration
is raised.
3.3. E¡ect of varying FITC-D molecular weight
Table 1 indicates that the data from both the 4.4
and 71.6 kDa dextrans was as expected with the sin-
gle shock wave increasing both the percent of cells
permeabilized and the mean £uorescence uptake 5^
10-fold compared to the values seen without shock
wave. The results from the 2 MDa dextran experi-
ment were surprising, since the percent of cells per-
meabilized was not signi¢cantly di¡erent (Ps 0.05)
with and without shock wave, and, although the
mean £uorescence uptake was signi¢cantly higher
(P6 0.05), it was only 150% of that without shock
wave.
To further explore this ¢nding we carried out con-
focal £uorescence microscopy shown in Fig. 4. As
can be seen in the cells without shock waves, there
was a signi¢cant uptake of £uorescence, but it had a
subcellular distribution consistent with endocytic up-
take into lysosomes and endosomes (Fig. 4E). For
the cells treated with FITC-D and shock wave, we
used the confocal sectioning capability of the micro-
scope to capture phase-contrast and £uorescence im-
Fig. 4. Confocal micrographs. (A,E) Phase-contrast and £uorescence images of a single OVCAR-5 cell incubated with 7.16 WM FITC-
D of molecular weight 2 MDa. (B^D) Phase-contrast images, and (F^H) £uorescent images of the same cell after 7.16 WM FITC-D
of molecular weight 2 MDa was delivered with one shock wave. B and F, C and G, and D and H are pairs of confocal sections taken
at 2 Wm intervals in the Z-axis. Scale bar indicates 5 Wm.
Fig. 3. E¡ect of FITC-D concentration on uptake. One shock
wave was delivered to cells incubated with varying concentra-
tions of 71.6 kDa FITC-D. MFU is mean £uorescence uptake.
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ages from focal planes separated by 2 Wm in the Z-
axis (Fig. 4B^D,F,G. Fig. 4F shows a plane towards
the bottom of the cell, and the £uorescent vesicles
seen in Fig. 4E can be clearly seen together with a
uniform cytoplasmic £uorescence similar to that re-
ported in our earlier study with 71.6 kDa FITC-D
[12]. In Fig. 4G it can be seen that the nucleus does
not take up £uorescence from the 2 MDa as might
be expected from literature reports that the size limit
on di¡usion into nuclear pores is less than 40 kDa
[21].
The importance of the ability to deliver large mol-
ecules (MDa) by cell permeabilization relates to ap-
plications in gene therapy where plasmids are usually
of this size. The undesirability of plasmid DNA
being delivered into endosomes has led to the design
of sophisticated methods of endosomolysis to allow
the plasmid to escape the endosome before it is di-
gested in the lysosomes [22,23]. In contrast, shock
waves are able to deliver macromolecules with sim-
ilar sizes to plasmids into the cytoplasm, and this
suggests that the methodology might be applicable
to gene therapy. It will be important to test this
hypothesis by (for example) carrying out shock
wave-mediated transfection with a green £uorescent
protein expressing plasmid.
The number of dextran molecules delivered per cell
(Table 1) compare well with those given in the liter-
ature for alternative permeabilization strategies. For
instance, using electroporation, Prausnitz et al. [24]
reported 60 000 molecules per cell for 71 kDa FITC-
D at 10 WM, while Glogauer et al. [18] delivered
750 000 molecules of 150 kDa FITC-D at 8 WM.
Using lithotripter-generated shock waves, Gambihler
et al. [10] reported 70 000 molecules of 71 kDa FITC-
D at 140 WM.
3.4. E¡ect of varying number of shock waves
Fig. 5 shows the relationship between the uptake
parameters and the number of shock waves. The
concentration of 7.16 WM FITC (71.6 kDa) was
chosen in order to maximize the ability to detect a
shock-wave number-dependent increase in uptake.
After each shock wave the pellet was resuspended
and repelleted and it is thought that the volume with-
in the pellet where maximum force is applied is gov-
erned by the geometry of the microcentrifuge tube.
Therefore, it might be supposed that after each shock
wave both the percent of cells permeabilized and the
mean £uorescence uptake would continue to increase
albeit at a reduced rate. As can be seen from the Fig.
5, both the percent of cells permeabilized and the
Fig. 5. E¡ect of increasing the number of shock waves. Cells
were incubated with 7.16 WM of FITC-D of 71.6 kDa which
was replenished after each shock wave. Cells without shock
waves were subject to the same number of centrifugation and
resuspension steps in the presence of FITC-D (replenished each
time).
Table 1
E¡ect of varying the molecular weight of FITC-D
Cells and FITC-D Cells, FITC-D and one shock wave
Molecular
weight
% permeabilized
cells
Mean £uorescence
uptake (U103 AU)
% permeabilized
cells
Mean £uorescence
uptake (U103 AU)
Internalized FITC-D
molecules per cell
4400 1.2 þ 0.1 6.4 þ 0.7 10.4 þ 1.0 47.8 þ 5.3 5 890 000
71 600 2.3 þ 0.1 11.8 þ 2 13.3 þ 1.2 117 þ 19 811 000
2 000 000 88.0 þ 2.7 2300 þ 300 80.0 þ 3.1 3550 þ 243 4940
Cells were separately treated with three species of FITC-D all at 7.16 WM with and without a single shock wave. The percentage of
cells permeabilized and mean £uorescence uptake were calculated from FACS data as described. Each value is the mean from at least
¢ve independent experiments and is þ S.E.M.
BBAMCR 14828 5-2-02 Cyaan Magenta Geel Zwart
T. Kodama et al. / Biochimica et Biophysica Acta 1542 (2002) 186^194 191
mean £uorescence uptake increased to the same ex-
tent from one to two shock waves, followed by a
leveling o¡ in uptake after the third shock wave.
The explanation of this observation is unclear but
it is interesting that almost identical behavior was
observed in studies with human peripheral blood
monocytes and shock waves generated by excimer
laser pulses [25]. In that study no further signi¢cant
increase in uptake of tritiated thymidine was ob-
served after three or ¢ve shock waves, but one and
two gave a steady increase. The only explanation
that occurs to us, is that if a membrane channel is
perturbed by shock waves allowing molecules to tem-
porarily pass through [26], then it may be damaged
after su⁄cient shear stress thus removing the possi-
bility of the cells taking up further molecules but not
a¡ecting the cell viability.
3.5. Comparison with digitonin permeabilization
In order to obtain a comparison with an accepted
alternative method of cell permeabilization, we
studied the use of the detergent digitonin. Fig. 6A
shows the variation in uptake parameters against
digitonin concentration, and Fig. 6B the correspond-
ing survival fraction determined by MTT assay. For
digitonin concentrations up to 30 Wg/ml, both the
percent of cells permeabilized and the mean £uores-
cence uptake are similar to those found after two
shock waves under the same conditions (71.6 kDa
FITC-D at 7.16 WM). However, the toxicity caused
by the digitonin is high with 30 Wg/ml, killing more
than 70% of the cells. At 40 Wg/ml digitonin, s 95%
of the cells are dead (although the £uorescence up-
take is further increased). Digitonin speci¢cally binds
to 3-11-K-hydroxysterols and permeabilizes cellular
membranes in proportion to their cholesterol con-
tent, and the cytosol gradually leaks from the cells
[27]. Recent reports detail the use of digitonin-per-
meabilized cells for studying the uptake of plasmid
DNA [28] and its delivery to the nucleus [29].
3.6. Conclusion
In order to deliver macromolecules such as plas-
mid DNA into cells within living tissue, it is desirable
to be able to localize the area of tissue that should
take up the macromolecule. Delivery vehicles for
DNA such as cationic lipids and viruses are inher-
ently di⁄cult to localize to the required area or tar-
get tissue. By contrast, methods of locally applying
energy such as electroporation and shock waves re-
sult in reversible permeabilization of cells in de¢ned
areas of tissue without undue toxicity. Shock waves
can be non-invasively focused within tissue and could
be used for more selective and localized delivery of
DNA compared to methods using cationic lipids and
viruses.
The shock tube used in the present work is an
immature technology and needs replacement of the
diaphragm after each shot. However, it may be able
to produce shock waves with advantageous parame-
ters (positive peak pressure and pulse duration) to
permeabilize cells via generation of shear stress with-
out cytotoxicity [12]. The shock waves generated by
lithotripters and short-pulsed laser ablation are less
e⁄cient in this regard due to shorter pulse durations.
In the future it may be possible to produce a dia-
Fig. 6. Comparison with digitonin permeabilization. Cells were treated with digitonin alone or plus 7.16 WM FITC of 71.6 kDa.
(A) Shows digitonin-mediated permeabilization and uptake; (B) shows e¡ect on cell viability.
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phragmless shock tube capable of delivering shock
waves with a repetition rate similar to extracorporeal
lithotripters that could greatly simplify in vivo appli-
cations [30]. However, the possible application of
shock tube-generated shock waves to plasmid deliv-
ery remains speculative until proof-of-principle ex-
periments demonstrating transfection have been
completed. Di¡erences in tertiary structure between
plasmids and FITC-D may also mean that the shock
wave-mediated cellular uptake of the two species
may di¡er.
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